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1. Introduction {#advs351-sec-0010}
===============

Photodynamic therapy (PDT) is a promising noninvasive approach for the treatment of cancer tumors by combining photosensitizer (PS), oxygen molecule and light.[1](#advs351-bib-0001){ref-type="ref"} In clinical applications, a low toxic or non‐toxic PS is delivered to the tumor tissue and cancer cells by active or passive diffusion. Subsequently, PS is excited from its low energy ground state (S~0~) to an higher energy excited state (S~1~) by irradiating tumor tissue with long wavelength light (650--900 nm, light in this wavelength range gives good tissue penetration). In the treatment process, reactive oxygen species are responsible for destroying cancer cells, and the first singlet excited state of molecular oxygen (singlet oxygen, ^1^O~2~) is the key cytotoxic agent of PDT.[2](#advs351-bib-0002){ref-type="ref"} ^1^O~2~ is effective in disrupting biological tissues as a result of its high reactivity.[3](#advs351-bib-0003){ref-type="ref"} It is generated by the triplet‐triplet energy transfer (TTET) between ground‐state oxygen (triplet state) and PS (T~1~) formed by intersystem crossing (ISC, **Figure** [**1**](#advs351-fig-0001){ref-type="fig"}).[4](#advs351-bib-0004){ref-type="ref"}

![The generation of ^1^O~2~ by intersystem crossing (ISC) and triplet‐triplet energy transfer (TTET).](ADVS-4-na-g001){#advs351-fig-0001}

ISC is an important non‐radiation process in the photochemical and photophysical fields, which is also a pivotal mechanism for the generation of ^1^O~2~.[5](#advs351-bib-0005){ref-type="ref"} Usually, ISC takes place between different energy levels such as S~1~ to T~n~ or T~1~ to S~0~, and the quantum yield of ISC can be influenced by various factors such as heavy atom effect,[6](#advs351-bib-0006){ref-type="ref"} electron configuration,[7](#advs351-bib-0007){ref-type="ref"} perturbation of oxygen,[8](#advs351-bib-0008){ref-type="ref"} and so on. To the best of our knowledge, the generation of ^1^O~2~ is mainly achieved by TTET, which takes from PS\'s triplet to ground oxygen (triplet state). Therefore it is possible to modulate the generation of ^1^O~2~ by turning ISC efficiency with disparate environments.[9](#advs351-bib-0009){ref-type="ref"}

There is no doubt that PS is essential for valid PDT.\[\[qv: 9b,10\]\] Hence, research was focused on improving the properties of PS by designing novel sensitizers. The following requirements are essential for an ideal PS: (1) low cytotoxicity and high biocompatibility,\[\[qv: 10a\]\] (2) long‐wavelength absorption,[11](#advs351-bib-0011){ref-type="ref"} (3) selective uptake into the cancer tissues and specific release ^1^O~2~,[12](#advs351-bib-0012){ref-type="ref"} (4) effective ISC and a long‐lived triplet excited state (high ^1^O~2~ quantum yield).[13](#advs351-bib-0013){ref-type="ref"} However, most of traditional PS, with no selectivity and damage of normal cells, hardly meet the aforementioned criteria. Therefore, it is essential to design a novel PS which can be controlled as required, giving rise to ^1^O~2~ on/off responses in cancer and normal cell, respectively.

Recently, controllable photosensitization process, in which ^1^O~2~ are supposed to be modulated on demand, has received increasing attention.[14](#advs351-bib-0014){ref-type="ref"} Comparing with traditional PS, only in tumor region can ^1^O~2~ be released and little normal cells are damaged. The formation of ^1^O~2~ is prerequisite for an efficiently controllable photosensitization. As mentioned before, the generation of ^1^O~2~ is directly related to ISC. Hence, the critical issue is how to regulate ISC efficiency. In fact, ISC is a kind of inactive pathway in the process of excited‐state molecular deactivation, and there are many other mechanisms promoting the inactivation of excited‐state molecules such as photoinduced electron transfer (PET),[15](#advs351-bib-0015){ref-type="ref"} fluorescence resonance energy transfer (FRET),[16](#advs351-bib-0016){ref-type="ref"} and intramolecular charge transfer (ICT).[17](#advs351-bib-0017){ref-type="ref"} Two or more inactive pathways are always competed with each other during the exciton deactivation. If ISC plays a dominant role, ^1^O~2~ can be produced, that is ^1^O~2~‐ON state. Otherwise, production of ^1^O~2~ is quenched or inhibited if other pathways suppress ISC, this is ^1^O~2~‐off state. In summary, it is a novel strategy to regulate ^1^O~2~ quantum yield indirectly by modulating ISC efficiency. Of course, the physical captivity and controlled release of PS, such as delivery carriers based on the peptide and protein,[18](#advs351-bib-0018){ref-type="ref"} are also good ways to directly control PDT process.

Attention has been paid to efficient and selective control in the ^1^O~2~ quantum yield. In this review, we focus on the modulation of production of ^1^O~2~ based on various pathways developed since the year 2000. The categorizations of the articles are based on different mechanism of action. To better understand all control mechanisms mentioned in this work, a simple illustration and a summative comparisons table were given in **Figure** [**2**](#advs351-fig-0002){ref-type="fig"} and **Table** [**1**](#advs351-tbl-0001){ref-type="table-wrap"}. We hope to provide a general overview of designing novel PS or strategies for effective and controllable PDT.

![An illustration of all control mechanisms described in this review. Cap and Rel indicate factitious captivity and release mentioned in section 6.1.](ADVS-4-na-g002){#advs351-fig-0002}

###### 

Summative comparisons of all control mechanisms mentioned in this work

  Item                                                                           Control Requirements                                                Converted Means/Methods                                          Advantages                                                               Disadvantages
  ----------------------------------------- ----------------------------------------------------------------------------------------------- ----------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------
  Object                                                                                                                                                                                                                                                         
  PET                                                                           electron donor/acceptor                                            pH (acid), solvent polarity                   highly effective, strong expansibility, programmable             need to specially design electron donor/acceptor, less conversion means
  FRET (inhibitive/reversible)               energy donor/acceptor, FRET‐linker, spectral overlap, limited distance, energy level matching   pH (acid), enzyme, DNA, H~2~O~2~, light   versatile, readily, highly effective, programmable, strong expansibility     need to specially design energy donor/acceptor, complicated systems
  ICT                                                                           electron donor/acceptor                                            pH (acid), solvent polarity                              highly effective, programmable                            need to specially design electron donor/acceptor less research
  Factitious captivity and release of PS                                governable and decomposable Frameworks                                              pH (acid)                  simple mechanism, highly effective, strong expansibility, multifunction       multicomponent system, complex strategies, less conversion means
  Chemical release and capture of ^1^O~2~                                      activatable endoperoxides                                                   temperature                                     intermittent PDT, bright future                                        no O~2~ self‐sufficient, less research
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2. PET Regulation Mechanism {#advs351-sec-0020}
===========================

PET[19](#advs351-bib-0019){ref-type="ref"} can be used to modulated the generation of ^1^O~2~ when compete with others mechanisms, especially ISC. It is well known that ^1^O~2~ quantum yield is directly related to the efficiency of ISC (generally, high ISC efficiency results in high ^1^O~2~ quantum yield). Usually, PET and ISC are competitive with each other in the process of deactivation of excited states. Therefore, given charge recombination won\'t lead to formation of triplet state, inhibition of PET can significantly improve the efficiency of ISC, resulting in an enhancement of ^1^O~2~ quantum yield. Therefore, the generation of ^1^O~2~ can be controlled by modulating PET process.

For the controllable PET system,\[\[qv: 15b,20\]\] it is always composed of electron donor (D) and acceptor (A), which can be separated from each other in solution.[21](#advs351-bib-0021){ref-type="ref"} Combining previous excellent works, it was shown that a PET process can be regulated by many stimulus, such as ions, pH, carbohydrates, phosphates, etc.[22](#advs351-bib-0022){ref-type="ref"}

O\'shea et al.[23](#advs351-bib-0023){ref-type="ref"} reported a strategy to modulate the generation of ^1^O~2~ by PET mechanism with pH variation of the solution. ^1^O~2~ quantum yield is controlled by switching on/off of the PET process. In order to achieve such a tuning effect, amine (as a specific receptor for H^+^ and PET donor) was attached to PDT agents by covalent bond (**Figure** [**3**](#advs351-fig-0003){ref-type="fig"}). In the absence of the substrate (that is H^+^), the unbound receptor is with a rapid quench of the PS excited state by PET process, thereby ^1^O~2~ production is shut down (Figure [3](#advs351-fig-0003){ref-type="fig"}, pathway A). In contrast, ^1^O~2~ generation would occur if acid was added, as the PET pathway would be switched off by the protonation of the amine (Figure [3](#advs351-fig-0003){ref-type="fig"}, pathway B).

![The modulation mechanism of ^1^O~2~ based on PET. Substrate‐specific receptor is shown in blue; PS is shown in green. Black cross (※) represents the substrate. Adapted with permission.[23](#advs351-bib-0023){ref-type="ref"} Copyright 2005, American Chemical Society.](ADVS-4-na-g003){#advs351-fig-0003}

Tetsuo Nagano et al.[24](#advs351-bib-0024){ref-type="ref"} reported a novel strategy for controlling the generation of ^1^O~2~. The environment‐sensitive PSs (ESPers) could be active in hydrophobic (low‐polarity) environment for high ^1^O~2~ generation while little ^1^O~2~ production was observed in polar cytosolic environment (**Figure** [**4**](#advs351-fig-0004){ref-type="fig"}).[24](#advs351-bib-0024){ref-type="ref"} The ESPers are supposed to bind inositol 1,4,5‐trisphosphate receptor which bears a strong‐affinity hydrophobic moiety.[25](#advs351-bib-0025){ref-type="ref"}, [26](#advs351-bib-0026){ref-type="ref"} In decay of the excited PS, photosensitization and PET always compete with each other, resulting in the decrease of fluorescence or ^1^O~2~. The PET process is known to depend on the highest occupied molecular orbital (HOMO) energy level of the electron donor and the solvent polarity, so they designed and synthesized a series of PS derivatives attached with various electron donor moieties.

![Chemical structures of 2I‐BDP derivatives and electron density of various substituent. Reproduced with permission.[24](#advs351-bib-0024){ref-type="ref"} Copyright 2008, National Academy of Sciences.](ADVS-4-na-g004){#advs351-fig-0004}

As shown in Figure [4](#advs351-fig-0004){ref-type="fig"}, **1a‐1f** were all 2I‐BDP derivatives with different substituents (methyl, methoxy and amino) as PET donor for obtaining various HOMO energy level. The ^1^O~2~ production of the compounds with high HOMO energy level can be effectively shut down by polar solvents. So the ^1^O~2~ quantum yield of these 2I‐BDP derivatives could indeed be modulated by PET. **1c--1e** could hardly generate ^1^O~2~ in solvents more polar than acetone (dielectric constant, DC ≈ 20.7), while the photosensitization ability was restored in solvents less polar than CH~2~Cl~2~ (DC ≈ 9.14). It turned out that 2I‐BDP derivatives with HOMO energy around −0.17 to −0.19 hartree could be taken as ESPers, which would be activated in a hydrophobic environment while little ^1^O~2~ was generated in a polar environment.

Novel strategies which can modulate fluorescence emission and quantum yield of ^1^O~2~ by pH‐sensitive compounds have received considerable attentions.\[\[qv: 22c\]\] Phthalocyanine is an effective PS which can reveal significant acid‐dependent ^1^O~2~ generation by appropriate substitution.[27](#advs351-bib-0027){ref-type="ref"} Ng et al. proposed a pH‐dependent ^1^O~2~ photosensitization with silicon(IV) phthalocyanine as PS (**Figure** [**5**](#advs351-fig-0005){ref-type="fig"}).\[\[qv: 22c\]\] Compound **2a** (B band at 352 nm, Q band at 684 nm in water) was prepared by mixing the silicon phthalocyanine dichloride with ethanol in the presence of pyridine in toluene. Compound **2b** (di‐*N*‐methylated derivative) and **2c** (tetra‐*N*‐methylated derivative) are considered as reference. The productivity of ^1^O~2~ is enhanced by 3 times when the pH reduces from 7.4 to 6.0, as a result of protonation of the amino groups which can inhibit the PET process effectively.

![The structure of silicon‐phthalocyanines PSs. Reproduced with permission.\[\[qv: 22c\]\] Copyright 2010, The Royal Society of Chemistry.](ADVS-4-na-g005){#advs351-fig-0005}

Another way to modulate the quantum yield of ^1^O~2~ by PET mechanism is to prepare an appropriate crown ether and pyridine substituted boron‐dipyrromethene (BODIPY, **Figure** [**6**](#advs351-fig-0006){ref-type="fig"}). Akkaya and co‐workers[28](#advs351-bib-0028){ref-type="ref"} showed this BODIPY derivative could generate more ^1^O~2~ when two different signals were present under the same conditions, that is a AND logical gate.[29](#advs351-bib-0029){ref-type="ref"} It is a remarkable fact that the pH of tumor tissues can be very low,[30](#advs351-bib-0030){ref-type="ref"} while intracellular sodium ion concentration is almost 3 times higher than in healthy ones.[31](#advs351-bib-0031){ref-type="ref"} So they combined crown ether with pyridyl--styryl substituents in BODIPY (**3a**) to ensure higher sensitivity for both proton and sodium ion concentrations in tumor cells.

![Chemical structure of BODIPY derivatives and the AND logical gate for PDT. Adapted with permission.[28](#advs351-bib-0028){ref-type="ref"} Copyright 2009, American Chemical Society.](ADVS-4-na-g006){#advs351-fig-0006}

^1^O~2~ quantum yield are enhanced by 5 times when both Na^+^ and H^+^ are present. While an apparent low rate of output was observed when neither trifluoroacetic acid (TFA) nor Na^+^ was present or only TFA was present. Herein, amino is the donor of PET and crown ether is acceptor. One interpretation for this phenomenon may be that PET channel is remarkably inhibited due to the presence of Na^+^ and H^+^, resulting in high efficiency ISC and restored ^1^O~2~ generation. In contrast, there is still a strong PET process when only TFA or Na^+^ is present. However, the experimental conditions (concentration and acid) is beyond the limits of biocompatibility normal standard. No further biological related researches were reported.

By synthesizing dimethylaminostyryl BODIPY‐C~60~ dyads and triads, Zhao et al. achieved pH‐controllable modulation of ^1^O~2~ based on PET.[32](#advs351-bib-0032){ref-type="ref"} The visible light‐trapping antenna BODIPY moieties are regarded as PET‐donor and singlet energy donor, while C~60~ groups are considered as PET‐acceptor and singlet energy acceptor (**Figure** [**7**](#advs351-fig-0007){ref-type="fig"}).[32](#advs351-bib-0032){ref-type="ref"} 4a is dyads (λ~abs~ = 573 nm, λ~em~ = 591 nm) while **4b** is triads (λ~abs~ = 504/574 nm, λ~em~ = 587 nm). In the absence of acid, the S~1~ state energy level of the dimethylaminostyryl‐BODIPY moieties is higher than that of C~60~, so there is an efficient energy transfer from BODIPY to C~60~ (thus the S~1~ state of C~60~ is populated). However, the triplet excited state (T~1~) would be quenched by efficient PET from BODIPY part to C~60~. As a result, little ^1^O~2~ is generated by TTET, and this is the ^1^O~2~‐off state. In the presence of acid, PET effect will be inhibited due to the protonation of dimethylamino, so the triplet excited state of BODIPY part cannot be quenched and ^1^O~2~ would be produced by TTET, this is the ^1^O~2~‐ON state. For **4a**, the singlet oxygen quantum yield is 1.9% at neutral condition and 73% in acid. For **4b**, that is 2.0%/1.8% in neutral and 52%/63% in acid, respectively.

![The structure of BODIPY‐C~60~ dyads (**4a**) and triads (**4b**).](ADVS-4-na-g007){#advs351-fig-0007}

3. FRET Regulation Mechanism {#advs351-sec-0030}
============================

FRET was used for the structural analysis of DNA,[33](#advs351-bib-0033){ref-type="ref"} protein,[34](#advs351-bib-0034){ref-type="ref"} targeted therapy,[35](#advs351-bib-0035){ref-type="ref"} fluorescent probe,[36](#advs351-bib-0036){ref-type="ref"} biosensors[37](#advs351-bib-0037){ref-type="ref"} etc.[38](#advs351-bib-0038){ref-type="ref"} When there is a spectral overlap between energy donor (D, emission spectrum) and energy acceptor (A, acceptor absorption), the fluorescence of the donor will be quenched, and the fluorescence of the energy acceptor will be observed (**Figure** [**8**](#advs351-fig-0008){ref-type="fig"}).[39](#advs351-bib-0039){ref-type="ref"} FRET is achieved upon donor‐acceptor energy transfer based on a long‐range dipole--dipole interaction. Energy transfer includes two main mechanisms: (1) resonance energy transfer (RET) between the singlet state of donor and acceptor, namely Förster resonance energy transfer (FRET); (2) the other is RET between triplet state of the donor and singlet state of acceptor, that is Dexter electron transfer mechanism.[40](#advs351-bib-0040){ref-type="ref"} FRET occurs when: (1) there is a spectral overlap between D and A; (2) proper distance between D‐A, normally less than 10 nm; (3) a relatively high quantum yield in donor.[41](#advs351-bib-0041){ref-type="ref"} The FRET fluorescence quenching always correlates with ^1^O~2~ quenching, providing a convenient method to assess activatable photosensitizers.[42](#advs351-bib-0042){ref-type="ref"}

![The mechanism of the FRET process.](ADVS-4-na-g008){#advs351-fig-0008}

3.1. Inhibitive FRET {#advs351-sec-0040}
--------------------

FRET is a kind of RET mechanism.[43](#advs351-bib-0043){ref-type="ref"} FRET can be used to regulate the generation of ^1^O~2~ given it can compete with other excited state relaxation processes such as ISC, PET, etc. Therefore, in order to regulate ^1^O~2~ quantum yield, it is necessary to promote or decrease FRET intensity, to drain the singlet excited state of the energy donor (which is responsible for ISC and thus production of the singlet oxygen). As mentioned before, FRET can be influenced by the distance between the donor and acceptor.[44](#advs351-bib-0044){ref-type="ref"} In order to control FRET, donor and acceptor are often combined via a special linker which can be sensitive to various specific triggers, such as some special enzymes related to tumors. Energy transfer between D and A can be terminated once the linker is cleaved by reacting with specific substrates.

Based on these mechanisms, some novel compounds combining with PSs, cleavable linker and ^1^O~2~ quencher were designed as photodynamic molecular beacons (PMB).[45](#advs351-bib-0045){ref-type="ref"} Herein, PS is the donor of the FRET, and the quencher is the energy acceptor (**Figure** [**9**](#advs351-fig-0009){ref-type="fig"}). In this case, an efficient energy transfer between PS and acceptor will inhibit the singlet oxygen production. Little or no ^1^O~2~ will be generated unless the linker is cleaved by some specific conditions in tumors, namely, photosensitization is in off state in normal cells. In tumor cells, the linker will be cleaved in the presence of the specific conditions (pH value and specific enzymes); therefore PS and the quencher are separated with each other and energy transfer (FRET) will be forbidden, resulting in the restoration of the photosensitization, and ^1^O~2~ can be generated via irradiation.

![The modulation mechanism of ^1^O~2~ based on FRET. Red ball, PS; Blue ball, quencher.](ADVS-4-na-g009){#advs351-fig-0009}

An controllable PMB **5** with caspase‐cleavable peptide as the linker was prepared by Zheng et al.,[46](#advs351-bib-0046){ref-type="ref"} in which chlorophyll analog pyropheophorbide (absorption at 667 nm, ^1^O~2~ quantum yield \>50%)[47](#advs351-bib-0047){ref-type="ref"} was used as the PS moiety (D) while carotenoid (A) was the quencher of ^1^O~2~ and triplet excited states energy acceptor (**Figure** [**10**](#advs351-fig-0010){ref-type="fig"}).[46](#advs351-bib-0046){ref-type="ref"} As mentioned above, when conveyed into target‐area, the PMB was cleaved in the presence of caspase, and the carotenoid and pyropheophorbide is no longer linked by a covalent bond, thus results in the production of ^1^O~2~; in contrast, little ^1^O~2~ can be produced in normal cells due to an effective energy transfer between pyropheophorbide and carotenoid.

![The structure of caspase‐controllable PMB. Red: pyropheophorbide (PS); Green: carotenoid (Q); Blue: caspase‐cleavable linker. Adapted with permission.[46](#advs351-bib-0046){ref-type="ref"} Copyright 2009, American Chemical Society.](ADVS-4-na-g010){#advs351-fig-0010}

In previous studies, caspase was regard as a molecular scissor to cleave the specific peptide sequence, results in inhibition of FRET. Nevertheless, it is hard to evaluate the PDT in apoptotic cells with this agent, because caspase itself is a cell apoptosis marker. Hence, it is essential to find new enzyme and specific cleavable peptide linker for effective FRET modulation. Accordingly Zheng et al.[48](#advs351-bib-0048){ref-type="ref"} prepared a metalloproteinases‐cleavable PMB **6**. Matrix metalloproteinases are a family of extracellular proteinases and closely related to cancer and tumor progression. Notably, a short peptide sequence, GPLGLARK, was employed as a specificity‐linker whose break can be induced by italics (**Figure** [**11**](#advs351-fig-0011){ref-type="fig"}). It turned out that the MMP7‐specific‐peptide linker can be cleaved in MMP7‐positive cells and the PS can be activated, resulting in 18‐fold increase in ^1^O~2~ quantum yield. Similarly, another PMB **7** with fibroblast‐cleavable linkers was synthesized by Zheng et al. in 2009 (**Figure** [**12**](#advs351-fig-0012){ref-type="fig"}).[49](#advs351-bib-0049){ref-type="ref"} Herein, fibroblast activation protein is an initiator highly expressed in cancer‐related fibroblasts of human epithelial carcinomas but not in normal fibroblasts or tissues.[50](#advs351-bib-0050){ref-type="ref"} Experiments show that peptide sequence linker could be cleaved effectively by fibroblast activation protein.

![The structure of metalloproteinases‐cleavable PMB. Red: pyropheophorbide (PS); Blue: peptide sequence (linker); Green: black hole quencher‐3 (BHQ3, Q). Adapted with permission.[48](#advs351-bib-0048){ref-type="ref"} Copyright 2007, National Academy of Sciences.](ADVS-4-na-g011){#advs351-fig-0011}

![The structure of fibroblast‐cleavable PMB. Adapted with permission.[49](#advs351-bib-0049){ref-type="ref"} Copyright 2009, American Chemical Society.](ADVS-4-na-g012){#advs351-fig-0012}

Gothelf et al.[51](#advs351-bib-0051){ref-type="ref"} reported a DNA sequence‐specific PDT reagent based on reverse hybridization (**Figure** [**13**](#advs351-fig-0013){ref-type="fig"}). Pyropheophorbide (PS, **8a**, absorption at 415 nm and fluorescence at 670 nm, ^1^O~2~ quantum yield = 0.53 ± 0.04) attached to a short 15‐mer nucleotide sequence is the PS and BHQ3 (Q, **8b**) attached to a 21‐mer oligonucleotide is the quencher (Figure [13](#advs351-fig-0013){ref-type="fig"}a).[51](#advs351-bib-0051){ref-type="ref"} By DNA‐programmed assembly, PS and Q are in proximity,[52](#advs351-bib-0052){ref-type="ref"} resulting in an effective FRET effect which can restrain the ^1^O~2~ generation. When another DNA sequence is introduced into this system, P‐DNA linker could be replaced and released, resulting in a recovery of photosensitization, then ^1^O~2~ can be produced with irradiation (Figure [13](#advs351-fig-0013){ref-type="fig"}b).[51](#advs351-bib-0051){ref-type="ref"}

![a) Structure of PS and quencher. b) the controlling mechanism of ^1^O~2~ by DNA --controllable agent. Adapted with permission.[51](#advs351-bib-0051){ref-type="ref"} Copyright 2006, American Chemical Society.](ADVS-4-na-g013){#advs351-fig-0013}

Guo et al.[53](#advs351-bib-0053){ref-type="ref"} report a novel multifunction nanoparticles which can achieve targeted transport, controllable PDT and effective supply of O~2~, simultaneously. Herein, poly([d]{.smallcaps},[l]{.smallcaps}‐lactic‐co‐glycolic acid) (PLGA) was used as the framework of the multifunction nanoparticles; methylene blue (MB) (PS) and catalase were placed in the aqueous core, and BHQ3 doped into the PLGA shell was chosen as an quencher of PDT effect. In addition, cyclic pentapeptide incorporated on the surface of nanoparticle was regarded as the targeting ligand. (**Figure** [**14**](#advs351-fig-0014){ref-type="fig"}).[53](#advs351-bib-0053){ref-type="ref"} There is an efficient FRET between MB and catalase which can restrain the in vitro generation of ^1^O~2~. The nanoparticles could be absorbed in vivo by tumors selectively. Subsequently, H~2~O~2~ enters into the core of nanoparticles, O~2~ would be produced by the catalytic action of catalase, resulting in the crack of PLGA and release of MB. Photosensitization is recovered and ^1^O~2~ is generated with the termination of FRET. Notably, the strategy could give a targeted and efficient PDT with controllable PDT and autarkic O~2~.

![The structure of H~2~O~2~‐activatable multifunction nanoparticles and its working principles. Adapted with permission.[53](#advs351-bib-0053){ref-type="ref"} Copyright 2015, American Chemical Society.](ADVS-4-na-g014){#advs351-fig-0014}

Compared with the normal physiological pH, the tumor or cancer cell are with weakly acidic feature. This acidic environment could also be used to control the FRET process in PDT. It has been demonstrated that nanographene oxide (NGO) could be regarded as carrier to convey PS[54](#advs351-bib-0054){ref-type="ref"} and build tumor‐targeted[55](#advs351-bib-0055){ref-type="ref"} or photothermal treatment system.[56](#advs351-bib-0056){ref-type="ref"} Interestingly, NGO would be preferable to separate from the PS in acid condition. Thus, Wu et al. designed a dual‐targeting (cellular targeting and subcellular targeting) nanosystem to control PDT.[57](#advs351-bib-0057){ref-type="ref"} In this nanosystem, a cationic porphyrin was used as ^1^O~2~ PS, which is loaded onto the surface of the polyethylene glycol (PEG)‐functionalized and folic acid‐modified nanographene oxide (NGO‐based carrier for MitoTPP) through electrostatic interaction and π--π stacking (**Figure** [**15**](#advs351-fig-0015){ref-type="fig"}). PEG chains could enhance NGO\'s water dispersibility and biocompatibility; the folic acid moiety can specifically target the folate receptor‐positive cells. Under light irradiation, NGO can effectively inhibit the ^1^O~2~ generation until MitoTPP is released from its carrier in acidic environment (tumor cells).

![The structural representation of dual‐targeting (cellular targeting and subcellular targeting) nanosystem and its regulation mechanism. Adapted with permission.[57](#advs351-bib-0057){ref-type="ref"} Copyright 2015, American Chemical Society.](ADVS-4-na-g015){#advs351-fig-0015}

Instead of effect on the linker, the low pH could also influence the PS. In this case, the PSs are usually designed with amino groups (the H^+^ proton acceptor in acid condition).[58](#advs351-bib-0058){ref-type="ref"} For example, combining dimethylaminostyryl BODIPY with C~60~, Zhao et al. proposed a method to switch the triplet excited states and ^1^O~2~ quantum yield based on FRET.[32](#advs351-bib-0032){ref-type="ref"} The BODIPY moieties and C~60~ part are attached with each other by Prato reaction. **9a** is dyads (λ~abs~ = 627 nm, λ~em~ = 644 nm) while **9b** is triads (λ~abs~ = 502/627 nm, λ~em~ = 637 nm, **Figure** [**16**](#advs351-fig-0016){ref-type="fig"}).[32](#advs351-bib-0032){ref-type="ref"} In this case, BODIPY moieties are FRET‐donor and light‐harvesting antenna, while C~60~ groups are FRET‐acceptor. The S~1~ state energy level of the BODIPY moieties in **9a** and **9b** are lower than C~60~, resulting in an inhibited FRET from BODIPY to C~60~. In addition, there is a lower charge transfer state which can quench triplet excited states. So little ^1^O~2~ could be generated in this condition. When dissolved in acid, the S~1~ state energy level of the BODIPY moieties would surpass the corresponding energy level of C~60~ due to the protonation of dimethylaminostyryl. At the same time, the energy level of charge transfer state is enhanced. So the triplet excited states and ^1^O~2~ could be produced. For **9a**, the ^1^O~2~ quantum yield is 1.1% in neutral condition and 26% in acid. For **9b**, that is 1.0%/1.4% in neutral and 22%/17% in acid, respectively.

![The structure of dimethylaminostyryl BODIPY‐C60 dyads and triads.](ADVS-4-na-g016){#advs351-fig-0016}

By integrating PDT with fluorescence imaging functionality in one molecule, theranostic is becoming a promising technology for the treatment of cancer.[59](#advs351-bib-0059){ref-type="ref"} Zhao et al.[60](#advs351-bib-0060){ref-type="ref"} reported a thiol‐activated difunctional‐PDT reagent **10** (**Figure** [**17**](#advs351-fig-0017){ref-type="fig"}) for theranostic purpose, in which the PDT effect and fluorescence imaging are implemented by different moieties, giving rise to both high ^1^O~2~ quantum yield and high fluorescence yield, simultaneously. The difunctional reagents are composed of PS, fluorophore (PL) and a disulfide bond (---S---S---), which can be cleaved by thiols such as Cys and GSH (Figure [17](#advs351-fig-0017){ref-type="fig"}).[61](#advs351-bib-0061){ref-type="ref"} The iodine‐BODIPY acts as PS and FRET‐donor, while BODIPY serves as fluorescence unit and the FRET‐acceptor. In the absence of thiols, the generation of ^1^O~2~ can be quenched by FRET from iodine‐BODIPY to BODIPY and the fluorescence of BODIPY can be inhibited by the 2,4‐dinitrobenzenesulfonate moieties (DNBS). That is the off state of ^1^O~2~ production and fluorescence. In the presence of thiols, FRET can be inhibited due to the cleavage of disulfide bond. So the efficiency of ISC is enhanced and the ^1^O~2~ can be produced with the irradiation of PS. Simultaneously, the red fluorescence of BODIPY was observed as a result of the decomposition of the DNBS group by the thiols. It turned out that the ^1^O~2~ quantum yield can be increased from 16.7%--71.5% and the fluorescence quantum yield can be enhanced from 1.3%--47.6%.

![The structure of thiol‐activatable Bodipy--iodoBodipy dyads.](ADVS-4-na-g017){#advs351-fig-0017}

Besides the disulfide cleavage, some cancer‐specific intracellular enzymes could also cut off the FRET process. Na et al. prepared core−shell nano PS consisting of polydopamine nanoparticle (PDNP) cores, surrounded by cancer‐specific PS‐conjugated hyaluronic acid (PS‐HA) shells (**Figure** [**18**](#advs351-fig-0018){ref-type="fig"}).[62](#advs351-bib-0062){ref-type="ref"} PS‐HA play as the targeting moiety, while PDNP could quench the ^1^O~2~ generation though FRET. The cancer‐specific intracellular enzymes (e.g., hyaluronidase) is abundant in the tumor environment and plays key role for tumor proliferation and metastasis. This enzymes could separate the PS‐HA shell from PDNPs and recover the ^1^O~2~ generation ability of PS.

![Synthetic routes of PS−hyaluronic acid conjugates shielded polydopamine nanoparticles (PHPD‐NPs) and its ^1^O~2~ on−off conversion. Adapted with permission.[62](#advs351-bib-0062){ref-type="ref"} Copyright 2016, American Chemical Society.](ADVS-4-na-g018){#advs351-fig-0018}

In fact, the key issues of controlling FRET effect are energy level matching and suitable linkers between the energy donor and the energy acceptor. As mentioned above, the overlapping extent of donor emission and acceptor absorption, namely their energy level matching, should be considered. Then, an appropriate linker should meet the following requirements: (1) bring the quencher and PS in close proximity, (2) being able to be selectively cleaved by specific factor (e.g. enzymes, pH). FRET‐modulation takes advantage of specificity‐linker to control the distance between donor and acceptor, resulting RET in on‐off switching effect. In the deactivation of excited PS, FRET and ISC compete with each other. If FRET surpass ISC, a low ^1^O~2~ quantum yield will be resulted; in contrast, once ISC is dominant, PS can be activated to produce ^1^O~2~.

3.2. Reversible FRET {#advs351-sec-0050}
--------------------

In an interesting example, the generation of ^1^O~2~ can also be controlled upon the alterable direction of FRET. In this case, PS and FL are attached with each other, and there is an efficient excited energy transfer (EET) between PS and FL. Under certain conditions, excited energy transfers from PS to FL occurs, leading to the quench of PS, namely, no or little ^1^O~2~ is generated. However, under different condition, EET direction may be reversed, resulting in energy transfer from FL to PS, resulting in the activation of PS, therefore a high ^1^O~2~ quantum yield is detected.

Based on this mechanism, a very innovative experiment has been reported by Akkaya.[63](#advs351-bib-0063){ref-type="ref"} A new strategy to control the on/off switching of ^1^O~2~ production by a molecular 1:2 demultiplexer (DEMUX)[64](#advs351-bib-0064){ref-type="ref"} with FRET as the main mechanism. Actually, DEMUX is a kind of chemical logic gate[65](#advs351-bib-0065){ref-type="ref"} and molecular logic gate,[66](#advs351-bib-0066){ref-type="ref"} which can generate various output signals with one input in demand. These switches are controllable. Therefore, if reactive oxygen species and fluorescence were output signals, demultiplexer can be used to combine diagnosis and therapy into one unity for PDT. Following this logic, Akkaya et al. designed compound **11c** (**Figure** [**19**](#advs351-fig-0019){ref-type="fig"}) which was composed of two distyryl‐Bodipy modules connected together by Huisgen cycloaddition. One part of compound **11c** is a PS (**11a**) with two iodine atoms to enhance the ISC efficiency; another one is a PL (**11b**) with a sensitivity to proton (Figure [19](#advs351-fig-0019){ref-type="fig"}).

![a) The chemical structure of PS and PL; b) working principle of DEMUX based on reversible FRET. Adapted with permission.[63](#advs351-bib-0063){ref-type="ref"} Copyright 2013, The Royal Society of Chemistry.](ADVS-4-na-g019){#advs351-fig-0019}

When excited at 625 nm in a neutral environment, compound **11c** gives an intense emission band at 715 nm, which is an output of DEMUX. In this case, EET takes place from the PS to FL. While in acid addition, upon excited at 625 nm, EET direction reverse which takes place from FL to PS, resulting in the generation of ^1^O~2~ (Figure [19](#advs351-fig-0019){ref-type="fig"}b). Actually, EET between PS and FL was a kind of FRET in this research. Generation of ^1^O~2~ was switch off/on with the acid driven of the EET direction. There is a promising application for compound **11c**: when transferred into a given region such as tumor cells, compound **11c** can efficiently generate ^1^O~2~ with fixed light irradiation for PDT, in the meantime, tumor cells and surrounding healthy tissues can be distinguished by different fluorescent intensity (healthy tissues are more brighter than tumor cells). No further biological researches were reported.

Zhao et al.[67](#advs351-bib-0067){ref-type="ref"} also reported an interesting iodoBodipy‐styrylBodipy dyads **12** which can be used to switch on/off the generation of ^1^O~2~ based by the reversible FRET(**Figure** [**20**](#advs351-fig-0020){ref-type="fig"}). The PDT‐dyads are composed of the dimethylaminostyryl Bodipy moieties and the 4‐hydroxylphenyl Bodipy part. In order to enhance the ISC efficiency, iodine atoms were introduced into Bodipy; at the same time, the introduction of dimethylaminostyryl is to ensure the sensitivity of PDT‐dyads for acid. In the neutral condition, there is an effective FRET effect from hydroxylstyryl Bodipy group to dimethylaminostyryl Bodipy moieties, which can quench the fluorescence of the hydroxylstyryl Bodipy. In addition, the T~1~ of the hydroxyl styryl Bodipy part could be quenched by the excited energy transfer between hydroxyl styryl Bodipy group and dimethylaminostyryl Bodipy moieties. In this case, little ^1^O~2~ can be observed in this case (Φ~Δ~ = 0.06). In the presence of acid, the S~1~ and T~1~ state energy level of the dimethylamino styryl Bodipy group would be elevated, resulting in an inverse FRET effect from dimethylaminostyryl Bodipy moieties to hydroxylstyryl Bodipy group. Moreover, the formation of the charge transfer state is inhibited with the protonation of the dimethylamino group. So a long‐lived T~1~ state (τ~T~ = 1.6 µs) and high‐efficiency ^1^O~2~ quantum yield (Φ~Δ~ = 0.59) were observed for **12**. In should be noted that the photophysical properties of this dyads can be recovered completely with the acid neutralized by base.

![The structure of the IodoBodipy‐styrylBodipy dyads. Adapted with permission.[67](#advs351-bib-0067){ref-type="ref"} Copyright 2014, American Chemical Society.](ADVS-4-na-g020){#advs351-fig-0020}

Notably, the critical factor in regulating FRET is how to change the donor and acceptor energy level by external stimulus. As mentioned above, various chemical stimuli (such as pH, enzyme) have been employed to modulate the properties of PS, resulting in on/off or high/low ^1^O~2~ quantum yield. In these systems, however, there are still some drawbacks limiting their application in PDT, for instance: (1) some control conditions is beyond the normal physiological conditions,[68](#advs351-bib-0068){ref-type="ref"} (2) control strategy such as enzymatic‐cleavable FRET linkers or pH‐manipulative PET are irreversible, namely, they cannot recover its original state. Herein, it is imperative to design new strategy for regulating ^1^O~2~ on‐off reversibly. Concerning this aspect, some compounds such as diarylethene derivatives can interconvert between the open forms (with high energy levels) and closed forms (with low energy levels) upon irradiation at different wavelength,[69](#advs351-bib-0069){ref-type="ref"} which enable reversible FRET process. Thus, excited state of PS can be quenched by the energy transfer from PS to the closed forms of diarylethene, thus the production of ^1^O~2~ is inhibited. Conversely, ^1^O~2~ can be easily generated when the energy transfer between PS and the open forms of diarylethene is inhibitory (**Figure** [**21**](#advs351-fig-0021){ref-type="fig"}).

![Common schematic representationof photocontrol ^1^O~2~ on‐off state.](ADVS-4-na-g021){#advs351-fig-0021}

Feringa et al.[70](#advs351-bib-0070){ref-type="ref"} designed a novel bicomponent system to modulate the generation of ^1^O~2~ with photoirradiation as control (**Figure** [**22**](#advs351-fig-0022){ref-type="fig"}). The bicomponent system are made up of diarylethene (photochromic switch, **13a**) and Zinc−tetraphenylporphyrin (PS, **13b**, Φ~Δ~ = 0.84).[71](#advs351-bib-0071){ref-type="ref"} When irradiated at UV and visible light, diarylethene molecular can interconvert between their colorless open and colored closed forms, respectively.[72](#advs351-bib-0072){ref-type="ref"} The molecular geometry and triplet energy levels of the open and closed forms of diarylethene are different. When diarylethene transforms into closed form with irradiation at 314 nm, triplet state energy transfer from **13b** (excited by 420 nm) to the closed form of the diarylethene suppresses the ^1^O~2~ production; in contrast, the open form of diarylethene is dominant when irradiated by visible light (\>470 nm). In this case, no triplet state energy transfer occurs and the ^1^O~2~ can be generated effectively. The whole process of modulation is reversible. Later, this FRET mechanism was develeped into supramolecular assemblies and MOF.

![Controllable generation of ^1^O~2~ based on photochemical switches of diarylethene. PS is shown in red and diarylethene is shown in blue. Adapted with permission.[70](#advs351-bib-0070){ref-type="ref"} Copyright 2014, American Chemical Society.](ADVS-4-na-g022){#advs351-fig-0022}

Liu et al. apply this reversible energy transfer mechanism into photo controlled supramolecular assemblies (**Figure** [**23**](#advs351-fig-0023){ref-type="fig"}).[73](#advs351-bib-0073){ref-type="ref"} Dithienylethene‐modified permethylated β‐cyclodextrins and porphyrin derivatives forms assemblies in water through strong binding. Porphyrin is energy‐donor and dithienylethene acts as energy‐acceptor. Compared with other porphyrin/dithienylethene systems, this supramolecular assemblies system is with good water solubility and biocompatibility due to the introduction of permethyl‐β‐cyclodextrin. In addition, there is a high FRET efficiency (93.4%) between porphyrin and dithienylethene groups. The response of switch on/off for ^1^O~2~ generation is fast (switch on‐off: 50 s; switch off‐on: 120 s).

![Schematic representation for photo‐controlling ^1^O~2~ on‐off based on FRET conversion. Adapted with permission.[73](#advs351-bib-0073){ref-type="ref"} Copyright 2016, The Royal Society of Chemistry.](ADVS-4-na-g023){#advs351-fig-0023}

Instead of supramolecular assemble system, Zhou et al. firstly developed this reversible FRET mechanism into MOF system for the photooxidation of 1,5‐dihydroxynaphthalene.[74](#advs351-bib-0074){ref-type="ref"} Then, they build another photosensitizing MOF system with UiO‐66, porphyrin PSs and dithienylethene derivatives (fluorescent molecular switch) (**Figure** [**24**](#advs351-fig-0024){ref-type="fig"}).[75](#advs351-bib-0075){ref-type="ref"} UiO‐66 was regarded as a nanoplatform to storage and transport PDT agents. More importantly, it is possible to optimize the controllability of PDT performance by carefully modulating the ratios between PS and dithienylethene switch. In addition, without linkers between them, FRET happened efficiently in this MOF microenvironment, it successfully realize a reversible switch on/off of ^1^O~2~ generation for PDT.

![Defective UiO‐66 with inserted porphyrin and diarylethene and their photoregulation ^1^O~2~ generation process.](ADVS-4-na-g024){#advs351-fig-0024}

4. ICT Regulation Mechanism {#advs351-sec-0060}
===========================

ICT has been widely applied in many fields such as fluorescence probe,[76](#advs351-bib-0076){ref-type="ref"} fluorescent chemosensor,[77](#advs351-bib-0077){ref-type="ref"} etc.[78](#advs351-bib-0078){ref-type="ref"} By modulating the properties of the electron donor and acceptor, it is possible to change the efficiency of ICT. ICT can intensely impact the fluorescence and ^1^O~2~ quantum yields via competing with other deactivation processes such as ISC and PET. There are many studies of the effect of the different donor and acceptor on ICT efficiency,[79](#advs351-bib-0079){ref-type="ref"} but little was known about the modulation of ^1^O~2~ generation with ICT variation.

Yang et al.[80](#advs351-bib-0080){ref-type="ref"} prepared a BODIPY dimer (**14**) and investigated its mechanism of ^1^O~2~ generation (**Figure** [**25**](#advs351-fig-0025){ref-type="fig"}). It is interesting that the ^1^O~2~ producing ability of this BODIPY dimer can change in non‐polar/polar microenvironments. Only in low polar solvent (such as hexane, cyclohexane and toluene) can ^1^O~2~ be generated significantly while no or little ^1^O~2~ can be produced in polar solvent. Triplet excited state (τ~T~ = 49 µs in argon‐saturated hexane) only exists in BODIPY dimer rather than in BODIPY monomer, which is demonstrated by transient absorption spectra.[81](#advs351-bib-0081){ref-type="ref"} In fact, there is a significant ICT effect in polar solvents which can compete with ISC, resulting in quenching of the ^1^O~2~ production.

![The structure of BODIPY dimer. Both M~1~ and M~2~ are BODIPY monomer. Reproduced with permission.[80](#advs351-bib-0080){ref-type="ref"} Copyright 2013, American Chemical Society.](ADVS-4-na-g025){#advs351-fig-0025}

Hirakawa et al. designed meso‐(9‐anthryl) tris(N‐methyl‐p‐pyridinio) porphyrin, which is composed of anthracene (D) and porphyrin (A).[82](#advs351-bib-0082){ref-type="ref"} In this PS, the intramolecular electron transfer from the anthracene moiety to the porphyrin moiety forms a CT state, providing a fast deactivation pathway instead of producing ^1^O~2~. Unlike previous pH modulation, the anionic DNA were used to interact with cationic porphyrin, and it inhibits the electron transfer quenching via rising the CT state energy level (**Figure** [**26**](#advs351-fig-0026){ref-type="fig"}). The ^1^O~2~ quantum yield increased to 0.22, no ^1^O~2~ production was detected in the absence of DNA. Thus, the electron‐donor connecting TMPyP type PS could control the photosensitized ^1^O~2~ generation through this ICT mechanism.

![Schematic representation for DNA regulated ^1^O~2~ generation based on ICT energy‐level variation.](ADVS-4-na-g026){#advs351-fig-0026}

Actually, ICT can compete with other processes as well, such as PET. Zhao et al.[67](#advs351-bib-0067){ref-type="ref"} proposed a strategy to modulate the ^1^O~2~ generation by mainly controlling the ICT effect of PS. In this dyads **15**, the dimethylaminostyryl iodo‐Bodipy and the unsubstituted Bodipy are connected with each other (**Figure** [**27**](#advs351-fig-0027){ref-type="fig"}). In the absence of acid, there is an effective FRET effect from unsubstituted Bodipy to dimethylaminostyryl iodo‐Bodipy. However, the S~1~ and T~1~ of iodo‐Bodipy can be quenched by the ICT effect, resulting in a low quantum yield of ^1^O~2~ (Φ~Δ~ = 0.07). With the addition of acid, the ICT effect disappeared with the protonation of dimethylaminostyryl group, resulting in a long‐lived dimethylaminostyryl (τ~T~ = 3.1 µs) and a high ^1^O~2~ quantum yield (Φ~Δ~ = 0.74). Again, the photophysical properties of this dyads can be recovered completely after the addition of base.

![The structure of the dimethylaminostyryl iodoBodipy‐Bodipy dyads. Adapted with permission.[67](#advs351-bib-0067){ref-type="ref"} Copyright 2014, American Chemical Society.](ADVS-4-na-g027){#advs351-fig-0027}

5. The Competition between EET and PET {#advs351-sec-0070}
======================================

In the generation of ^1^O~2~, there are always several different mechanisms competing with each other, e.g. FRET, PET and ICT. They are mainly from the competition between energy transfer (EET) and electron transfer (PET). Derived from these competition, the emergence of molecular logic gates, emerged to finely tune the ^1^O~2~ generation. Molecular logic gates, as a promising strategy,[83](#advs351-bib-0083){ref-type="ref"} was rarely applied to PDT. Combining molecular logic gates with PDT, Akkaya et al.[84](#advs351-bib-0084){ref-type="ref"} reported a controllable and self‐reporting PDT, realized by series logic gate. The cascading of molecular logic gates are composed of two AND logic operation (**Figure** [**28**](#advs351-fig-0028){ref-type="fig"}). In the first logic gates, light (660 nm) and acidic environment are input signal, ^1^O~2~ is the output. BODIPY connected with two nitro (p*K* ~a~ = 6.92) is responsible for Gate 1 ( **16a** ). Only in the presence of acid can ^1^O~2~ be generated as a result of the protonation of Gate 1. There is no related interpretation mechanism for pH‐controllable PDT. For the second logic gates, ^1^O~2~ (the output of gate1) and 520 nm light are the input, the output is 537 nm light. Gate 2 is composed of an EET donor (D) and acceptor (A) portion which are connected to each other by a ^1^O~2~‐cleavable linker ((*Z*)‐1,2‐bis(alkylthio) ethane, **16b**). In the absence of ^1^O~2~, there is an effective excitation energy transfer (85.0%) between D and A, shutting down the production of ^1^O~2~. In contrast, D can emit at 537 nm in the present of ^1^O~2~ which can break the linker. Gates 1 and 2 were embedded together into a micelle for a continuous logic operation. When this logic gates are introduced into body, controllable‐PDT efficiency can be revealed by the fluorescence intensity at 537 nm.

![a) Operational mechanism for the AND logic gates. Top: modulation of ^1^O~2~ ; bottom: fluorescence self‐reporting. b) The structure of Gate1 and Gate2. In Gate2, the donor of EET are shown in red part while blue part represents EET acceptor. Adapted with permission.[84](#advs351-bib-0084){ref-type="ref"}](ADVS-4-na-g028){#advs351-fig-0028}

6. Factitious Captivity and Release {#advs351-sec-0080}
===================================

6.1. Factitious Captivity and Release of PSs {#advs351-sec-0090}
--------------------------------------------

Besides regulating the PSs themselves via PET, FRET or ICT, there is another direct regulation method --- captivity and release of PS or singlet oxygen. In this part, the ^1^O~2~ PS is usually confined in the cage of core or shell part (e.g. nanoparticles, micelle or self‐assembly), which are sensitive to the special environment of cancer cell or tumor (e.g. low pH, high concentration of GSH). When the modified PSs comes to the special tumor environment, the active PSs could be released from the cage and generate ^1^O~2~. Some typical stimulated examples are listed below.

Huang et al.[85](#advs351-bib-0085){ref-type="ref"} provided an interesting and provident investigation about switching on/off the generation of ^1^O~2~ by a layered double hydroxide (LDH) with the pH‐responsive property. Herein, zinc (II) phthalocyanine substituted with 4‐sulfonatophenoxy groups (ZnPcPS4, **17**) combined with LDH via electrostatic interaction was synthesized (**Figure** [**29**](#advs351-fig-0029){ref-type="fig"}).[85](#advs351-bib-0085){ref-type="ref"} When there is no acid, LDH--ZnPcPS4 has little capacity to generate ^1^O~2~ due to the stable structure of nanohybrid. However, in slightly acidic media (pH = 6.5 or 5.0), ZnPcPS4 can be efficiently released from the LDH carrier due to the collapse of the LDH structure, resulting in recovery of the photoactivities.

![The synthetic route of LDH--ZnPcPS~4~ and its working principle for controllable PDT. Adapted with permission.[85](#advs351-bib-0085){ref-type="ref"}](ADVS-4-na-g029){#advs351-fig-0029}

Liu et al. reported a pH‐responsive multifunctional polypeptide micelle for simultaneous imaging and in vitro PDT (**Figure** [**30**](#advs351-fig-0030){ref-type="fig"}).[58](#advs351-bib-0058){ref-type="ref"} The BODIPY‐Br~2~ was used for the efficient ^1^O~2~ generation. By hydrophobic interaction, BODIPY‐Br~2~ connected with amphiphilic copolypeptide micelles via a ring‐opening polymerization and click reaction. It is worth to mention that the diisopropylethylamine groups conjugate to the polypeptide side chains. Under normal microenvironment, it forms the hydrophobic core of BODIPY‐Br~2~ and hydrophilic shell for improving the solubility and stabilization. However, at lower pH such as 5.5, the diisopropylethylamine groups could be protonated **18**, and its role converts from the hydrophobicity to hydrophilicity. Subsequently, the core−shell structured micelle degrade and it could release BODIPY‐Br~2~ as shown in Figure [30](#advs351-fig-0030){ref-type="fig"}.

![Structure of multifunctional polypeptide micelle and its pH‐responsive PDT process. Adapted with permission.[58](#advs351-bib-0058){ref-type="ref"} Copyright 2016, American Chemical Society.](ADVS-4-na-g030){#advs351-fig-0030}

Based on the peptide‐ and protein‐Based assembly, Yan et al. develop a new type of delivery carriers for regulating photosensitization and enhancing PDT effects.[86](#advs351-bib-0086){ref-type="ref"} Compared with the free PSs, these assembly show enhanced PDT effect after the PSs released from these assembly. For example, 9‐Fluorenylmethoxycarbonyl‐1‐lysine (an amphiphilic amino acid with antiinflammatory activity) and Chlorin e6 (Ce6, a model hydrophobic photosensitive drug) formed the self‐assembly (FCNPs) through electrostatic force, π--π stacking and hydrophobic interactions (**Figure** [**31**](#advs351-fig-0031){ref-type="fig"}a).[87](#advs351-bib-0087){ref-type="ref"} These self‐assembly could be stimulated by pH, surfactant and enzyme as they are on‐demand to release drug in tumors. The fluorescence intensity of Ce6 could reflect the the distribution and the concentration of FCNPs. The in vivo biodistribution showed that FCNP has a selective accumulation in the tumor (Figure [31](#advs351-fig-0031){ref-type="fig"}b). Compared wtih free Ce6, the PCNPs exhibit sustained Ce6 fluorescence at the tumor site for 24 h. Due to this retention of photosensitive drugs in the tumor tissue, the tumors of FCNP‐treated mice were suppressd and almost completely eradicated during the PDT (Figure [31](#advs351-fig-0031){ref-type="fig"}c).

![a) synthetic route of photosensitive nanoparticles based on amphiphilic dipeptide‐tuned self‐assembly. b) The fluorescence images of MCF7‐tumor‐bearing nude mice through a tail intravenous injection with FCNPs and free Ce6 (equivalent Ce6 4.0 mg kg^--1^ body) at different times. tumor sites were shown in black circles. c) tumor growth test within 20 days. Reproduced with permission.[87](#advs351-bib-0087){ref-type="ref"}](ADVS-4-na-g031){#advs351-fig-0031}

Instead of the most PS in the core part, Guo et al. confined the pH sensitive PS, 5‐aminolevulinic acid Zn(II) coordination polymer (ALA‐Zn^II^, **19**) in the shell part, and magnetite colloidal supraparticles (Fe~3~O~4~) in the core part (**Figure** [**32**](#advs351-fig-0032){ref-type="fig"}).[88](#advs351-bib-0088){ref-type="ref"} ALA could selectively accumulate in tumorous tissues and be metalized to the PS PpIX for producing ^1^O~2~ after the visible light irradiation. In this PS (Fe~3~O~4~\@ALA‐Zn^II^), the ALA release could be triggered by a small pH variation (pH 7.4 to 6.0 and 5.0). Compared with ALA, Fe~3~O~4~\@ALA‐Zn^II^ has better PDT activity for T24 cells, and show good biocompatibility with the normal 293T cells.

![Preparation process of Fe~3~O~4~\@ALA‐ZnII microsphere and the pH‐sensitive release of PS. Adapted with permission.[88](#advs351-bib-0088){ref-type="ref"}](ADVS-4-na-g032){#advs351-fig-0032}

The microenvironment of tumors is usually with a pH of ca. 6.8, and endo/lysosomes has even pH values of 5.0--5.5. Without any targeting agents, Hyeon et al.[89](#advs351-bib-0089){ref-type="ref"} reported the tumor pH‐sensitive magnetic nanogrenades (PMNs, **Figure** [**33**](#advs351-fig-0033){ref-type="fig"}), which is composed of self‐assembled iron oxide nanoparticles (the core part for T~1~ MRI contrast agent) and pH‐responsive ligands (the shell part by incorporating ionizable moieties on the polymeric ligand **20a, 20b**). In this shell part, it involves a two‐stage pH activation: (1) for increased cell adsorption and permeation at the tumor microenvironment, imidazole (p*K*a, ≈6.8) incorporated could impart pH sensitivity; (2) for releasing the diagnosis and PDT agents under tumor endo/lysosomal pH of ≈5.5, 3‐phenyl‐1‐propylamine incorporated could produce a critical phase transition of PMNs, and destroy the self‐assembly structure. The therapeutic effect of PMNs in tumors of more heterogeneous and drug‐resistant nature were further demonstrated. Compared with pH‐Insensitive Nanoparticle Assemblies (InS‐NPs) and free Ce6, PMNs produced great tumor growth inhibition (Figure [33](#advs351-fig-0033){ref-type="fig"}b, c). In the PMN treated group, many cells in the tumor tissue and microvasculature as well as fibroblasts showed considerable destruction. Therefore, this pH sensitivity plays an important role in the improved anticancer therapeutic efficacy of PMNs.

![a) Synthetic route of pH‐responsive Magnetic Nanogrenades and their photoactivity change in different pH levels. b) Upper: photograph of mice bearing heterogeneous tumors before and after PDT. Below: H&E and TUNEL staining of tumor tissue sections (c) Measured heterogeneous tumor volumes in the four treatment groups for 10 days. Reproduced with permission.[89](#advs351-bib-0089){ref-type="ref"} Copyright 2014, American Chemical Society.](ADVS-4-na-g033){#advs351-fig-0033}

6.2. Chemical Control for ^1^O~2~ Release and Capture {#advs351-sec-0100}
-----------------------------------------------------

Instead of the above mentioned methods of capture and release of the PSs, ^1^O~2~ could also be reversibly restored by chemical method in some cases. ^1^O~2~ could reversibly react with some specific polycyclic aromatic hydrocarbons (e.g. naphthalene, anthracene or pyridine derivatives),[90](#advs351-bib-0090){ref-type="ref"} and form endoperoxide which can subsequent release ^1^O~2~ via warming and revert to the original state. However, tumor hypoxia[91](#advs351-bib-0091){ref-type="ref"} and PDT‐induced hypoxia[92](#advs351-bib-0092){ref-type="ref"} hinder the development of PDT. Intermittent irradiation is supposed for recovery of intracellular oxygen. To some extent, this chemical controlled ^1^O~2~ strategy are supposed to relieve the deficiency of oxygen problem in PDT.

Anthracene is a good substrate to form stable endoperoxides at ambient temperature (or 37 °C), but these endoperoxides could rapidly and completely come to cycloreversion after heating. Based on this method, Yoon and Akkaya et al. make good use of plasmonic heating of gold nanorods for remote‐control ^1^O~2~ release.[93](#advs351-bib-0093){ref-type="ref"} In this PS, the anthracene derivative was firstly oxidized into endoperoxides [**21**](#advs351-fig-0021){ref-type="fig"} by the MB under irradiation in the presence of oxygen (**Figure** [**34**](#advs351-fig-0034){ref-type="fig"}). Then amine‐PEG‐thiol coupling with endoperoxides used to increase water solubility and to target at the gold nanorods for the convenient thermal transport. When this PS irradiated with a laser with 830 nm at room temperature, the absorption intensity of singlet‐oxygen trap (1,3‐diphenylbenzofuran) at 414 nm decrease, indicating the generation of the singlet oxygen.

![a) Synthetic route of anthracene endoperoxide derivative and its further functionalization with gold nanorod; b) the release of singlet oxygen due to thermal cycloreversion of the endoperoxides upon plasmonic heating gold nanorods. Adapted with permission.[93](#advs351-bib-0093){ref-type="ref"}](ADVS-4-na-g034){#advs351-fig-0034}

Later, Akkaya et al.[94](#advs351-bib-0094){ref-type="ref"} prepared a bifunctional PS composed of 2,6‐dibromo distyryl BODIPY and 2‐pyridone (**Figure** [**35**](#advs351-fig-0035){ref-type="fig"}). 2,6‐dibromo distyryl BODIPY is a high‐efficiency PS with long‐wavelength absorption; the endoperoxides of 2‐pyridone and derivatives were reported to generate ^1^O~2~ efficiently by clean (no side reactions) cycloreversion reactions. The circulating principle of this system is described as follows: when irradiated at 650 nm, compound **22a** is excited to produce ^1^O~2~ by photosensitive process and a part of ^1^O~2~ is stored in endoperoxide of 2‐pyridone (**22b**); in contrast, ^1^O~2~ can be released with the thermal cycloreversion of compound **22b** in the absence of light, compound **22a** is recovered at the same time. Obviously, this process is reversible.

![The cycle diagram of continuous release of ^1^O~2~ based on bifunctional BODIPY derivative PS. Adapted from with permission.[94](#advs351-bib-0094){ref-type="ref"}](ADVS-4-na-g035){#advs351-fig-0035}

There are also other methods appeared. For example, Lovell and his co‐workers prepared a binuclear ruthenium(II) dimer [**23**](#advs351-fig-0023){ref-type="fig"} which is bridged by an alkene linker (**Figure** [**36**](#advs351-fig-0036){ref-type="fig"}).[95](#advs351-bib-0095){ref-type="ref"} As the alkene linker is cleaved by MB with red‐laser irradiation, there is an intermediate chemical amplification effect on the ^1^O~2~ generation after the subsequent blue‐laser irradiation. It is different from previous ^1^O~2~ quenching effect. With the further development of photochemistry and photophysics, these methods could also built up their own mechanisms in the future.

![The structure of the binuclear ruthenium(II) dimer. Reproduced with permission.[95](#advs351-bib-0095){ref-type="ref"} Copyright 2014, The Royal Society of Chemistry.](ADVS-4-na-g036){#advs351-fig-0036}

7. Conclusions and Outlook {#advs351-sec-0110}
==========================

In this review, we have summarized the recent developments in controllable photodynamic therapy and some novel strategies of designing activatable PSs. We introduced various regulation methods to control the ^1^O~2~ production, such as PET, FRET, ICT, etc. These mechanisms can be employed to modulate the generation of ^1^O~2~. It should be noted that the crucial concept of controllable PDT reagents is to selectively generate ^1^O~2~ in tumor tissues and to avoid damaging normal tissues and organs. Based on PET mechanism, supramolecular photonic therapeutic reagents, environment‐sensitive PSs and BODIPY derivatives have been reported, achieving ^1^O~2~ on/off by pH or polarity variation. Amino protonation is the most used strategy to regulate PET process, and it is necessary to develop new method for effective PET switch. Controlling of FRET is one of the most common mechanism to modulate ^1^O~2~ production. The key part of inhibitive FRET is to find a suitable linker, which can be cleaved by tumor‐associated specific conditions such as lower pH and overexpression proteins or enzymes. Except for a cleaveable linker, using nano materials as carrier, combining PS and quencher into a single form is also effective to achieve switching of ^1^O~2~ production. By regulating the energy level of FRET‐acceptor, the direction of FRET can be inverted, resulting in an activation and deactivation of PS, respectively. Reversible FRET is becoming a promising strategy to modulate PDT. In addition, the using of photoconversion molecules and molecular logic‐gates is also promising. In a word, by efficient FRET to quench PS, by prohibitive FRET to reactivate PS. Upon competing with ISC directly, ICT can effectively restrain the generation of ^1^O~2~. The charge‐transfer (CT) state of donor and acceptor can be influenced by solvent polarity and pH. However, ICT was rarely used to modulate PDT. There is still much room to apply ICT in activatable PDT.

Except for using various energy and electron transfer mechanism, physical confinement and controllable release of PS is also an important way to regulate PDT. As for this strategy, PS are always coated by some tumor targetable materials such as LDH or micelles, which can be decomposed only in tumor. In addition, the materials act as carrier and provide platform for incorporating many other functional molecules, achieving multiple treatment (such as photothermal therapy) and diagnose.

Tumor hypoxia and PDT‐induced hypoxia seriously hinder the development of PDT. Therefore it is necessary to complement oxygen timely. Fortunately, ^1^O~2~ can also be generated in dark due to the thermal conversion of endoperoxide, that is 'chemical control for ^1^O~2~ release and capture'. We believed this strategy is promising.

Compared with traditional PDT reagents, which are untargetable, controllable PSs opens new avenue for PDT in clinical practice by selective control of photosensitization. However, some conditions required for controllable PDT have surpassed the normal physiological condition and some strategies are complicated or intricate. In addition, sometimes controllable PDT and high ^1^O~2~ quantum yield cannot be achived simultaneously. Hence, it should be realized that even more wonderful strategies or PS should be designed to achieve more efficient and safer PDT.
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